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An array of bonding pads including a set of reactive materials 
is provided on a first substrate. The set of reactive materials is 
selected to be capable of ignition by magnetic heating 
induced by time-dependent magnetic field. The magnetic 
heating can be eddy current heating, hysteresis heating, and/ 
or heating by magnetic relaxation processes. An array of 
solder balls on a second substrate is brought to contact with 
the array of bonding pads. A reaction is initiated in the set of 
magnetic materials by an applied magnetic field. Rapid 
release of heat during a resulting reaction of the set of reactive 
materials to form a reacted material melts the solder balls and 
provides boding between the first substrate and the second 
Substrate. Since the magnetic heating can be localized, the 
heating and warpage of the Substrate can be minimized during 
the bonding process. 
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1. 

REACTIVE BONDING OF A FLIP CHIP 
PACKAGE 

BACKGROUND 

The present disclosure relates to semiconductor structures, 
and particularly to flip chip bonding employing bonding pads 
including reactive materials, and a structure for effecting the 
SaC. 

Once formation of semiconductor devices and intercon 
nects on a semiconductor wafer (Substrate) is completed, the 
semiconductor wafer is diced into semiconductor chips, or 
“dies. Functional semiconductor chips are then packaged to 
facilitate mounting on a circuitboard. A package is a Support 
ing element for the semiconductor chip that provides 
mechanical protection and electrical connection to an upper 
level assembly system such as the circuit board. One typical 
packaging technology is Controlled Collapse Chip Connec 
tion (C4) packaging, which employs solder balls each of 
which contacts a C4 pad on the semiconductor chip and 
another C4 pad on a packaging Substrate. Other packaging 
technologies employ micro C4's or C2's. The packaging 
substrate may then be assembled on the circuit board. 

Thus, the packaging Substrate facilitates formation of an 
electrical link between the semiconductor chip and a system 
board of a computer. A semiconductor chip is mounted on a 
die foot print area located on a top Surface of the packaging 
substrate. The die footprint area contains C4 pads on which 
a semiconductor chip may be attached by C4 bonding. A 
typical semiconductor chip employing a packaging Substrate 
may comprise about 10,000-100,000 input/output nodes. 
Each of these nodes are electrically connected to a C4 pad on 
a top Surface of the semiconductor chip in a two dimensional 
array. 

During C4 bonding of a semiconductor chip and a pack 
aging Substrate, the semiconductor chip with bonded solder 
balls is brought into contact with the bonding pads of the 
packaging Substrate at an elevated temperature in an oven. 
Another common tool used is a flip chip bonder. Thus, the 
temperature of the packaging Substrate may be elevated close 
to the reflow temperature of the solder balls. The elevated 
temperature during the bonding process Subjects the semi 
conductor chip and the packaging Substrate to thermal warp, 
i.e., the warp caused by thermal expansion of materials with 
temperature. 

The thermal warp of the packaging Substrate and the semi 
conductor chip causes alignment problems and stress-in 
duced reliability problems for C4 bonding. Particularly, the 
thermal warp of the packaging Substrate poses a challenge 
because the thermal expansion coefficient of a packaging 
Substrate tends to be greater than the thermal expansion coef 
ficient of a semiconductor Substrate. Large thermal warp 
causes the packaging Substrate to change shape during the 
heat up period prior to bonding, and leads to potential non 
wets or unequal C4 Solder heights. Further, large thermal 
warp during the cool down period after the reflow of solder 
balls can lead to defects in the solder ball joints such as hot 
tears. 

BRIEF SUMMARY 

An array of bonding pads including a set of reactive mate 
rials is provided on a first substrate. The set of reactive mate 
rials is selected to be capable of ignition by magnetic heating 
induced by time-dependent magnetic field. The magnetic 
heating can be eddy current heating, hysteresis heating, and/ 
or heating by magnetic relaxation processes. An array of 
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2 
solder balls on a second substrate is brought to contact with 
the array of bonding pads. A reaction is initiated in the set of 
magnetic materials by an applied magnetic field. Rapid 
release of heat during a resulting reaction of the set of reactive 
materials to form a reacted material melts the solder balls and 
provides boding between the first substrate and the second 
Substrate. Since the magnetic heating can be localized, the 
heating and warpage of the Substrate can be minimized during 
the bonding process. 

According to an aspect of the present disclosure, a method 
of bonding substrates is provided. The method includes: pro 
viding a first substrate bonded to an array of solder balls; 
providing a second Substrate having an array of bonding pads 
thereupon, wherein each of the bonding pads includes a set of 
reactive materials including a first material and a second 
material that, upon ignition, react spontaneously to form an 
alloy or a composite of the first material and the second 
material, wherein a magnetic material is present within each 
of the bonding pads as the first material, the second material, 
or an additional metal; bringing the array of solder balls into 
contact with the array of bonding pads; and igniting the set of 
reactive materials by heating the magnetic material through a 
time-dependent magnetic field, wherein the array of Solder 
balls is bonded to the array of bonding pads through heat 
generated by spontaneous reaction of the set of reactive mate 
rials. 

According to another aspect of the present disclosure, a 
structure for bonding substrates is provided. The structure 
includes a Substrate having an array of bonding pads there 
upon, wherein each of the bonding pads includes at least one 
unit reactive-material-including Stack including a set of reac 
tive materials including a first material and a second material 
that, upon ignition, react spontaneously to form an alloy or a 
composite of the first material and the second material, 
wherein a magnetic material is present within each of the 
bonding pads as the first material, the second material, or an 
additional metal. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

FIG. 1 shows a vertical cross-sectional view of a first 
exemplary structure for reactive bonding of Substrates 
according to an embodiment of the present disclosure. 

FIG. 1A is a bottom-up view of the semiconductor sub 
strate and an array of solder balls in FIG. 1. 
FIG.1B is a top-down view of the packaging substrate and 

an array of reactive bonding pads in FIG. 1. 
FIG. 2 is a magnified view of region A of FIG. 1. 
FIG. 3 is a magnified view of region B of FIG. 1. 
FIG. 4 is a vertical cross-sectional view of a first example 

for a unit reactive-material-including Stack according to a first 
embodiment of the present disclosure. 

FIG. 5 is a vertical cross-sectional view of a second 
example for the unit reactive-material-including stack 
according to a second embodiment of the present disclosure. 

FIG. 5A is a horizontal cross-sectional view of a first 
example of the magnetic material-including layer according 
to the second embodiment of the present disclosure. 

FIG. 5B is a horizontal cross-sectional view of a second 
example of the magnetic material-including layer according 
to the second embodiment of the present disclosure. 

FIG. 5C is a horizontal cross-sectional view of a third 
example of the magnetic material-including layer according 
to the second embodiment of the present disclosure. 
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FIG. 6 is a vertical cross-sectional view of a second 
example of the bonding pad according to a third embodiment 
of the present disclosure. 

FIG. 7 is a vertical cross-sectional view of a third example 
of the bonding pad according to a fourth embodiment of the 
present disclosure. 

FIG. 8 shows a vertical cross-sectional view of the first 
exemplary structure during reactive bonding of Substrates 
according to an embodiment of the present disclosure. 

FIG. 9 is a magnified view of region C of FIG. 8. 
FIG. 10 shows a vertical cross-sectional view of a second 

exemplary structure during reactive bonding of Substrates 
according to an embodiment of the present disclosure. 

FIG. 11 shows a vertical cross-sectional view of a third 
exemplary structure during reactive bonding of Substrates 
according to an embodiment of the present disclosure. 

DETAILED DESCRIPTION 

As stated above, the present disclosure relates to flip chip 
bonding employing bonding pads including reactive materi 
als, and a structure for effecting the same, which are now 
described in detail with accompanying figures. The drawings 
are not drawn to Scale. It is understood that terms referring to 
a plurality of elements also encompass embodiments in 
which a single element is employed. 
As used herein a “set of reactive materials' refer to a set of 

materials which include two or more reactant metals or metal 
compounds that can mix exothermically. A set of reactive 
materials is typically a pair of metals or a pair of a metal and 
a metal oxide. A set of reactive materials can be provided as a 
particle compact or a multilayer stack of the two dissimilar 
materials. The reaction in a set of reactive material can be 
initiated by local or global heating and the heat from the 
reaction can be used to melta solder or braze in order to form 
a bond. 
As used herein, “ignition” or “to ignite” refers to initiation 

of a self-sustaining exothermic reaction that causes a pair of 
metals to form an interdiffused metal alloy or to cause a pair 
of a metal and a metal oxide to undergo a reduction/oxidation 
reaction and to form a different metal/metal oxide couple or 
other combinations of the pair of the metal and the metal 
oxide. 
As used herein, a “time-varying magnetic field’ refers to a 

magnetic field of which the magnitude changes in time. 
Referring to FIGS. 1, 1A, and 1B, a first exemplary struc 

ture for reactive bonding of Substrates according to an 
embodiment of the present disclosure includes a first sub 
strate 100 bonded to an array of solder balls 50 and a second 
substrate 200 having an array of bonding pads 600 thereupon. 
Each of the bonding pads 600 includes a set of reactive 
materials including a first material and a second material. The 
first material and the second material are selected Such that, 
upon ignition, the first material and the second material react 
spontaneously to form an alloy or a composite of the first 
material and the second material. A magnetic material is 
present within each of the bonding pads 600 as the first 
material, the second material, or an additional metal. 

In one embodiment, the first substrate 100 can be a semi 
conductor chip including at least one semiconductor device 
electrically connected to the array of solder balls 50, and the 
second Substrate 200 can be a packaging Substrate including 
metal wiring structures electrically connected to the array of 
bonding pads 600. 
Once the first substrate 100 bonded to the array of solder 

balls 50 and the second substrate 200 having the array of 
bonding pads thereupon are provided, the first substrate 100 
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4 
and the second substrate 200 can be oriented to face each 
other, and the array of solder balls 50 is aligned to the array of 
bonding pads 600. For example, the first substrate 100 can be 
oriented such that the first substrate 100 overlies or underlies 
the second substrate 200, and the array of solder balls 50 is 
oriented in a direction that faces the array of bonding pads 
600. The array of solder balls 50 and the array of bonding pads 
600 can have the same pitch in all directions so that each 
solder ball 50 can contact a bonding pad 600, and each bond 
ing pad 600 can contact a solder ball 50. Alternately, a plu 
rality of pitches can be employed across different portions of 
the array of solder balls 50 and/or across different portions of 
the array of bonding pads 600. The total number of bonding 
pads 600 can be from 1 to 100,000. In one embodiment, the 
total number of bonding pads 600 can be from 10 to 10,000. 
The first substrate 100 and the second substrate 200 can be 

placed within an apparatus for generating time-varying mag 
netic field. The apparatus is oriented Such that a magnetic field 
is applied to the array of bonding pads 600 when the time 
varying magnetic field is generated. The array of solder balls 
50 can be brought into contact with the array of bonding pads 
600 after placement within the apparatus, concurrently with 
placement within the apparatus, or after placement within the 
apparatus. 

In one embodiment, the apparatus can include at least one 
electromagnet (i.e., a single electromagnet or a plurality of 
electromagnets) and a power supply device 900 configured to 
control the electrical current that flows through each electro 
magnet. The electromagnets are arranged to generate the 
time-varying magnetic field within a region in which the first 
substrate 100 and the second substrate 200 can be placed and 
assembled in a configuration in with the array of solder balls 
50 contacts the array of bonding pads 600. Power cables from 
the power supply device 900 to the various electromagnets 
(310A, 310B, 320A, 320B) are schematically illustrated by 
lines connecting the power Supply device to the various elec 
tromagnets (310A, 310B, 320A, 320B). 

In one embodiment, a plurality of electromagnets can be 
employed, which can include, for example, a top center elec 
tromagnet 310A, at least one top peripheral electromagnet 
310B, a bottom center electromagnet 320A, and at least one 
bottom peripheral electromagnet 320B. 
The magnetic field generated by the at least one electro 

magnet is employed to heat the magnetic component in the 
bonding pads 600, i.e., the magnetic material that is present 
within each of the bonding pads 600 as the first material, the 
second material, or an additional metal. 

In one embodiment, the magnitude of the magnetic field 
generated by the at least one electromagnet can Saturate the 
magnetic field in the magnetic material, thereby providing a 
higher heating rate for the magnetic material than a non 
saturating magnetic field. Typical saturation field magnitudes 
for soft magnetic materials such as Ni, Fe, Co and their alloys 
are between 0.3 Tesla and 3.0 Tesla. Hard magnetic materials 
also have comparable Saturation field magnitudes. 

Referring to FIG. 2, a magnified view of region A of FIG. 
1 illustrates exemplary structures that can be present within 
the first substrate 100. The first substrate 100 can be a semi 
conductor Substrate including a semiconductor device includ 
ing substrate 90, a back-end-of-line (BEOL) interconnect 
structure 10, a last level interconnect structure 20, and a 
dielectric passivation layer 32. Semiconductor devices (not 
shown) are present in the semiconductor device including 
substrate 90. In one embodiment, additional BEOL intercon 
nect structures (not shown) are present between the semicon 
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ductor devices and the BEOL interconnect structure 10 within 
a lower portion of the semiconductor device including Sub 
Strate 90. 

The BEOL interconnect structure 10 can include a back 
end-of-line (BEOL) dielectric layer 12, back-end-of-line 
(BEOL) metal lines 14, and back-end-of-line (BEOL) metal 
vias 16. The BEOL metal lines 14 and the BEOL metal vias 
16 can be embedded in the BEOL dielectric layer 12. The 
BEOL dielectric layer 12 can include, for example, silicon 
oxide or a low-k dielectric material known in the art. The 
BEOL metal lines 14 and the BEOL metal via 16 can include 
a conductive metal such as Cu or W. and are formed by 
methods well known in the art. 

The last level interconnect structure 20 can include a last 
level dielectric layer 22 and a last level metal plate 28. The last 
level dielectric layer 22 can include a dielectric material such 
as silicon oxide. The last level metal plate 28 can include a 
metal Such as aluminum. In one embodiment, the last level 
metal plate 28 is integrally formed with at least one via that 
electrically connects the last level metal plate 28 with the 
BEOL metal lines 14. 

The dielectric passivation layer 32 includes an impervious 
dielectric material that blocks ingress of moisture and oxygen 
into the last level interconnect structure 20. An exemplary 
impervious dielectric material includes silicon nitride. The 
dielectric passivation layer 32 can be a homogeneous layer 
including the impervious dielectric material, or can be a stack 
of multiple dielectric material layers including an impervious 
dielectric material layer. The thickness of the dielectric pas 
sivation layer 32 can be, for example, from about 2.0 um to 
about 40 um. 
The dielectric passivation layer 32 has an opening that 

exposes a top surface of the last level metal plate 28. Typi 
cally, the dimension of the opening, e.g., a diameter of the 
opening, is from about 50 m to about 100 um. For micro C4 
openings, the diameter of the opening can be on the order of 
10 um. The opening is formed by lithographic patterning of a 
photosensitive resist that is removed after patterning of the 
opening, or a photosensitive polyimide which may form apart 
of the passivation layer32. 
A first-substrate bonding pad 40 can include a stack of a 

metallic adhesion layer 38 and a metallic pad material layer 
39. The metallic adhesion layer 38 can include a metallic 
material that provides good adhesion to underlying structures 
including the last level metal plate 28 and the dielectric pas 
sivation layer32. Exemplary materials for the metallic adhe 
sion layer 38 include Ti, TiN, and TiW. The thickness of the 
metallic adhesion layer 38 can be from about 100 nm to about 
500 nm, although lesser and greater thicknesses can also be 
employed. The metallic pad material layer 39 can include Cu, 
Al, Au, Ag, Fe, or Ni, and combinations and/or alloys thereof. 
The thickness of the metallic pad material layer 39 can be 
from 1 micron to 10 microns, although lesser and greater 
thicknesses can also be employed. 

The solder ball 50 includes an original composition region 
52 which includes the original composition of the solder ball 
50 before bonding to the first substrate 100 and an altered 
composition region 54 which has a composition that is modi 
fied from the original composition by diffusion of the mate 
rials from the first-substrate bonding pad 40. 

Referring to FIG. 3, the second substrate 200 can be a 
packaging Substrate embedding metal lines 214 and metal via 
structures 216 that provide interconnection from the bonding 
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6 
pads 600 to connection ports (not shown) located on the 
opposite side of the bonding pads 600. The second substrate 
200 can be any packaging Substrate known in the art. 
The array of bonding pads 600 can have the same period 

icity as the array of solder balls 50. Further, the array of 
bonding pads 600 can have at least the same number of 
bonding pads 600 as the total number of solder balls 50. As 
discussed above, a plurality of different pitches can be 
employed for different portions of the array of bonding pads 
600 and the array of solder balls 50 provided that each solder 
balls 50 can contact one of the bonding pads 600. 

Within each bonding pad 600, the orientation and geom 
etry, microstructure, and stress state of the magnetic material 
can be varied in order to optimize the heating when a time 
dependent magnetic field is applied by the apparatus (900, 
310A, 310B, 320A, 320B). For example, aligning layers of 
the magnetic material parallel to the applied time-dependent 
magnetic field can lead to more eddy currents than eddy 
currents generated when the magnetic field is applied perpen 
dicular to the layers. Also, aligning the direction of the time 
dependent magnetic field with an easy axis of magnetization 
in general leads to a larger hysteresis loop than a hysteresis 
loop obtained when the time-dependent magnetic field is 
applied perpendicular to the easy axis of magnetization. Once 
the set of reactive materials is ignited, the reaction may either 
react only where heated or may propagate to other regions of 
the set of reactive materials depending on the thermal prop 
erties of the Surrounding materials. A set of reactive materials 
will Sustain a self-propagating reaction when the rate of heat 
released from the reaction is larger than the rate of heat losses 
to the Surroundings, and the Velocity of the reaction can span 
several orders of magnitude ranging from approximately 1 
mm/second to SuperSonic speeds. 

FIG. 3 illustrates a first example for a bonding pad 600, 
which includes a single stack or multiple stacks of a unit 
reactive-material-including stack 60. Referring to FIG. 4, a 
first example for the unit reactive-material-including stack 60 
is illustrated according to a first embodiment of the present 
disclosure. 

In the first example of the unit reactive-material-including 
stack 60, two material layers are present. One of the two 
material layers includes the first material, and other of the two 
material layers includes the second material. A magnetic 
material can be selected for the first material and a non 
magnetic material can be selected for the second material 
Such that the first and second materials form a pair of reactive 
materials, which, upon ignition, react spontaneously to form 
an alloy or a composite of the first material and the second 
material. 

The layer of the first material is herein referred to as a 
magnetic material layer 6, and the layer of the second material 
is herein referred to as a non-magnetic material layer 8. The 
thicknesses of each of the magnetic material layer 6 and the 
non-magnetic material layer 8 are selected Such that the 
atomic ratio of the first and second materials is within a range 
that maintains the combination of the first material and the 
second material reactive, i.e., capable of igniting an exother 
mic reaction. Further, the thicknesses of the magnetic mate 
rial layer 6 and the non-magnetic material layer 8 can also be 
optimized to control the rate of propagation of the reaction 
upon ignition. Table 1 lists reaction parameters for non-lim 
iting examples of pairs of the first material and the second 
material. 
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TABLE 1. 

Reaction parameters for non-limiting examples of reactive material pairs. 
(Source: Fischer, S. H. and Grubelich, M. C. 32nd AIAA/ASME/SAE 

ASEE Joint Propulsion Conference. 1996 

Adiabatic Adiabatic 
Reaction Reaction Heat of 

Second Atomic Temperature Temperature Reaction 
First metal metal Ratio (° C.) (K) (calf cc) 

Co Al 1:1 1,640 1,913 1,590 
Co Al 2:5 1,180 1,453 1,110 
Co Si 1:1 1460 1,733 1,450 
Fe Al 1:1 1,150 1423 1,020 
Fe Al 1:3 1,134 1,407 1,020 
Fe Si 1:1 1,386 1,659 1,020 
N Al 1:1 1,638 1,911 1,710 
N Al 3:1 1,251 1,524 1,230 
N Nb 1:1 810 1,083 610 
N Si 1:1 992 1,265 1,140 

In one embodiment, each bonding pad 600 in the array of 
bonding pads 600 can include at least one unit reactive-ma 
terial-including stack 60 (i.e., one unit reactive-material-in 
cluding stack or a plurality of reactive material stacks). Each 
unit reactive-material-including stack 60 includes a layer of 
the first material, i.e., the magnetic material layer 6, and a 
layer of the second material, i.e., the non-magnetic material 
layer 8. 

In one embodiment, the array of bonding pads 600 can be 
provided by forming material layers including one or more 
repetitions of the magnetic material layer 6 and the non 
magnetic material layer 8 on the second substrate 200, and 
subsequently patterning the material layers to form the array 
of bonding pads 600. Each magnetic material layer 6 and each 
non-magnetic material layer 8 can be deposited, for example, 
by physical vapor deposition (PVD) or chemical vapor depo 
sition. The thickness of each magnetic material layer 6 can be, 
for example, from 5 nm to 1,000 nm, and the thickness of each 
non-magnetic material layer 8 can be, for example, from 5 nm 
to 1,000 nm, although lesser and greater thicknesses can also 
be employed. The patterning of the material layers can be 
performed, for example, by applying a photoresist over the 
top Surface of the material layers, lithographically patterning 
the photoresist to cover areas corresponding to the areas of the 
bonding pads 600 to be subsequently formed, and by remov 
ing the portions of the material layers that are not covered by 
the patterned photoresist. The photoresist is Subsequently 
removed. 

Referring to FIG. 5, a second example for the unit reactive 
material-including stack 60 is illustrated according to the 
second embodiment of the present disclosure. In the second 
example of the unit reactive-material-including stack 60. 
three material layers are present. In this example, the first 
material and the second material are non-magnetic materials. 
The magnetic material is the additional material that is 
present in each of the unit reactive-material-including stack 
60. One of the three material layers includes the first material, 
and is herein referred to as a first non-magnetic material layer 
7. Another of the three material layers includes the second 
material, and is herein referred to as a second non-magnetic 
material layer 8. Yet another of the three material layers 
includes the additional material, i.e., the magnetic material, 
and one of the first material and the second material. The layer 
that includes the additional material and one of the first and 
second materials is herein referred to as a magnetic material 
including layer 9. The first material and the second material 
can be selected such that the first and second materials form a 
pair of non-magnetic reactive materials, which, upon igni 
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tion, react spontaneously to form an alloy or a composite of 
the first material and the second material. 
The thicknesses of each of the first non-magnetic material 

layer 7 and the second non-magnetic material layer 8' are 
selected such that the atomic ratio of the first and second 
materials is within a range that maintains the combination of 
the first material and the second material reactive, i.e., 
capable of Sustaining a spontaneous reaction that propagates 
upon ignition. Further, the thicknesses of the first non-mag 
netic material layer 7 and the second non-magnetic material 
layer 8' can also be optimized to control the rate of propaga 
tion of the reaction upon ignition. Table 2 lists non-limiting 
examples of pairs of the first material and the second material 
and accompanying magnetic material that can be employed in 
the magnetic material-including layer 9. 

TABLE 2 

Reaction parameters for non-limiting examples of reactive material pairs. 

First material Second material Magnetic material 

Al T Fe, Co, Ni, and/or magnetic rare 
earth materials 

T Amorphous Si Fe, Co, Ni, and/or magnetic rare 
earth materials 

Al CuO, Fe, Co, Ni, and/or magnetic rare 
x = 0.5,0.75, or 1.0 earth materials 

Al Pt Fe, Co, Ni, and/or magnetic rare 
earth materials 

In one embodiment, each bonding pad 600 in the array of 
bonding pads 600 can include at least one unit reactive-ma 
terial-including stack 60 (i.e., one unit reactive-material-in 
cluding stack or a plurality of reactive material stacks). Each 
unit reactive-material-including stack 60 includes a layer of 
the first material, i.e., the first non-magnetic material layer 7, 
and a layer of the second material, i.e., the second non 
magnetic material layer 8', and a magnetic material-including 
layer 9 in any order. The number of layers of the magnetic 
material may either be equal to or different from the number 
of layers of the first metal. 

In one embodiment, the array of bonding pads 600 can be 
provided by forming material layers including one or more 
repetitions of the first non-magnetic material layer 7, the 
second non-magnetic material layer 8', and the magnetic 
material-including layer 9 on the second substrate 200, and 
Subsequently patterning the material layers to form the array 
of bonding pads 600. Each first non-magnetic material layer 
7, each second non-magnetic material layer 8', and each mag 
netic material-including layer 9 can be deposited, for 
example, by physical vapor deposition (PVD), chemical 
vapor deposition (CVD), and/or electroplating. Each first 
non-magnetic material layer 7 and each second non-magnetic 
material layer 8' are deposited as a continuous material layer. 
The thickness of each first non-magnetic material layer 7 can 
be, for example, from 5 nm to 1,000 nm, the thickness of each 
second non-magnetic material layer 8' can be, for example, 
from 5 nm to 1,000 nm, and the thickness of each magnetic 
material-including layer 9 can be, for example, from 5 nm to 
1,000 nm, although lesser and greater thicknesses can also be 
employed. The patterning of the material layers can be per 
formed, for example, by applying a photoresist over the top 
Surface of the material layers, lithographically patterning the 
photoresist to cover areas corresponding to the areas of the 
bonding pads 600 to be subsequently formed, and by remov 
ing the portions of the material layers that are not covered by 
the patterned photoresist. The photoresist is Subsequently 
removed. 
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Referring to FIG. 5A, a first example of the magnetic 
material-including layer 9 is shown. In the first example, the 
magnetic material-including layer 9 is formed by depositing 
discontinuous chunks of a magnetic material as magnetic 
particles 9P embedded within a non-magnetic matrix 9M, 
which can include the first material or the second material. 
The size of the magnetic particles 9P can be from 5 nm to 
1,000 nm, although lesser and greater sizes can also be 
employed. 

For example, the magnetic particles 9P can be implanted 
into an upper portion of a second non-magnetic material layer 
8' by increasing the energy of particles sputtered from a 
sputtering target including the magnetic material, thereby 
converting the upper portion of the second non-magnetic 
material layer 8' as the magnetic material-including layer 9. 
The upper portion of the underlying second non-magnetic 
material layer 8' is converted into the non-magnetic matrix 
9M, while the lower portion of the underlying second non 
magnetic material layer 8' remains as the second non-mag 
netic material layer 8'. 

Alternately, the magnetic particles 9P can be deposited 
without penetrating into the second non-magnetic material 
layer 8', and the material of the first non-magnetic material 
layer 7 of the next unit reactive-material-including stack 60 is 
Subsequently deposited. The portion of the first non-magnetic 
material layer 7 that embeds the magnetic particles 9P is 
converted into the non-magnetic matrix 9M. The portion of 
the first non-magnetic material layer 7 that overlies the mag 
netic particles 9P remains as the first non-magnetic material 
layer 7. 

Referring to FIG. 5B, a second example of the magnetic 
material-including layer 9 is shown. In the second example, 
the magnetic material-including layer 9 is deposited as a 
contiguous layer of the magnetic material, and is Subse 
quently patterned, lithographically or otherwise, to form an 
array of magnetic particles 9P. The magnetic particles 9P of 
the second example of the magnetic material-including layer 
9 can have a geometrical shape Such as a polygon, a circle, an 
ellipse, or combinations thereof. In one embodiment, the 
lateral dimensions of the magnetic particles 9P are litho 
graphic dimensions, i.e., dimensions that can be printed by 
lithographic methods. The non-magnetic matrix 9M can 
include the non-magnetic material of the next layer to be 
Subsequently deposited, which is one of the first material and 
the second material. 

Referring to FIG. 5C, a third example of the magnetic 
material-including layer 9 is shown. In the third example, the 
magnetic material-including layer 9 is deposited as a contigu 
ous layer of the magnetic material, and is Subsequently pat 
terned, lithographically or otherwise, to form an array of 
magnetic particles 9P in the same manner as in the second 
example of the magnetic material-including layer 9. The 
magnetic particles 9P are patterned to have lengthwise edges 
along one direction. By aligning the lengthwise edges of the 
magnetic particles 9P along the direction of the time-depen 
dent magnetic field B (shown by the arrow labeled “B”) 
during bonding of the first and second substrates (100, 200), 
more eddy currents can be generated within the magnetic 
particles 9P, which provides more heating. Further, an easy 
axis of magnetization of the magnetic particles 9P can be 
aligned with the lengthwise direction of the magnetic par 
ticles, which can lead to a larger hysteresis loop and enhanced 
heat generation during the bonding. 

Referring to FIG. 6, a second example of a bonding pad 600 
according to a third embodiment of the present disclosure is 
illustrated. The second example of the bonding pad 600 
includes a pair of a first material and a second material that 
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constitute a set of reactive materials. The first material can be 
a magnetic material, and the second material can be a non 
magnetic material. 
The second example of the bonding pad 600 includes a 

matrix 6M of the first material and embedded non-magnetic 
particles 8P of the second material. An array of bonding pads 
600 can be provided on the second substrate 200 by forming 
a material layer including a matrix of the first material embed 
ding particles of the second material on the second substrate 
200, and subsequently patterning the material layer to form 
the array of bonding pads 600. The matrix 6M of the first 
material and the embedded non-magnetic particles 8P of the 
second material can be formed by alternately depositing the 
first material and the second material such that the first mate 
rial is deposited as a continuous layer and the second material 
is deposited as discrete particles. For example, the first mate 
rial can be deposited by physical vapor deposition (PVD) in 
which fine particles are deposited and to form a continuous 
layer, and the second material can be deposited by PVD in 
which coarse particles are deposited to form discrete particles 
that do not coalesce with one another. The size of the embed 
ded non-magnetic particles 8P can be from 10 nm to 100 nm, 
although lesser and greater sizes can also be employed. 

Referring to FIG. 7, a third example of a bonding pad 600 
according to a fourth embodiment of the present disclosure is 
illustrated. The third example of the bonding pad 600 
includes a pair of a first material and a second material that 
constitute a set of reactive materials. The first material can be 
a magnetic material, and the second material can be a non 
magnetic material. 
The second example of the bonding pad 600 includes a 

matrix 8M of the second material and embedded magnetic 
particles 6P of the first material. An array of bonding pads 600 
can be provided on the second substrate 200 by forming a 
material layer including a matrix of the second material 
embedding particles of the first material on the second sub 
strate 200, and Subsequently patterning the material layer to 
form the array of bonding pads 600. The matrix 8M of the 
second material and the embedded magnetic particles 6P of 
the first material can be formed by alternately depositing the 
first material and the second material Such that the second 
material is deposited as a continuous layer and the first mate 
rial is deposited as discrete particles. For example, the second 
material can be deposited by physical vapor deposition 
(PVD) in which fine particles are deposited and to form a 
continuous layer, and the first material can be deposited by 
PVD in which coarse particles are deposited to form discrete 
particles that do not coalesce with one another. The size of the 
embedded magnetic particles 6P can be from 10 nm to 100 
nm, although lesser and greater sizes can also be employed. 

Referring to FIG. 8, after the array of solder balls 50 is 
brought into contact with the array of bonding pads 600, a 
reactive bonding process is performed on the assembly of the 
first substrate 100, the second substrate 200, the array of 
solder balls 50, and the array of bonding pads 600. The 
configuration of FIG. 8 illustrates a geometry in which the 
magnetic field B is perpendicular to the plane at which the 
array of solder balls 50 contacts the array of bonding pads 
600. 
The set of reactive materials including the first material and 

the second material is ignited by heating the magnetic mate 
rial through a time-dependent magnetic field generated by the 
apparatus (900, 301A, 310B, 320A, 320B). The heat initiates 
a self-sustaining and self-propagating exothermic reaction 
between the first material and the second material. The tem 
perature of the array of solder balls 50 is elevated above the 
reflow temperature of the solder material of the solder balls 50 
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by the heat generated by the exothermic reaction. The array of 
solder balls 50 is bonded to the array of bonding pads 50 
through heat generated by spontaneous reaction of the set of 
reactive materials, thereby converting the assembly into a 
bonded structure. 
Upon cooling of the solder balls, the bonded structure 

includes an array of reacted material pad 600', which includes 
an alloy or a composite of the first material and the second 
material. As illustrated in FIG.9, each reacted material pad 
600' includes the reacted material derived from the original 
material of a bonding pad 600, i.e., the first material and the 
second material and the optional additional material. Further, 
the bonded structure includes an array of solder balls 50'. 
Each solder ball 50' includes the original composition region 
52 which includes the original composition of the solder ball 
50 before bonding to the first substrate 100, an altered com 
position region 54 which has a composition that is modified 
from the original composition of the solder material by dif 
fusion of the materials from the first-substrate bonding pad 
40, and another altered composition region 56 which has a 
composition that is modified from the original composition of 
the solder material by diffusion of the materials from the 
bonding pad 600 during the reactive bonding process. 

In one embodiment, the time-dependent magnetic field can 
have a Substantially uniform peak magnitude across an 
entirety of the array of bonding pads 600 when turned on. In 
this case, the reactive bonding of all bonding pads 600 to the 
solder balls 50 can occur simultaneously. 
The frequency of the time-dependent magnetic field can be 

from 10Hz to 1 GHz, although lesser and greater frequencies 
can also be employed. In one embodiment, the frequency of 
the time-dependent magnetic field can be from 50 Hz to 1 
MHZ. 
The waveform of the electrical current supplied to the 

various electromagnets (310A, 310B, 320A, 320B) can be 
sinusoidal or non-sinusoidal. Correspondingly, the time-de 
pendence of the time-dependent magnetic field can be sinu 
soidal or non-sinusoidal. 

In another embodiment, the time-dependent magnetic field 
has a spatially varying magnitude across at least a portion of 
the array of bonding pads when turned on. In one embodi 
ment, the spatially varying magnitude of the time-dependent 
magnetic field can be employed to trigger the ignition of the 
set of reactive materials at different time points for different 
bonding pads 600. 

Alternatively or additionally, the operational frequency of 
the time-dependent magnetic field can be changed during the 
igniting of the set of reactive materials to trigger the ignition 
of the set of reactive materials at different time points for 
different bonding pads 600. 

Referring to FIG. 10, a second exemplary structure is illus 
trated during reactive bonding of Substrates according to an 
embodiment of the present disclosure. The configuration of 
FIG. 10 illustrates a geometry in which the magnetic field B 
is parallel to the plane at which the array of solder balls 50 
contacts the array of bonding pads 600. The electromagnets 
can include an upper electromagnet pair 330U, a middle 
electromagnet pair 330M, and a lower electromagnet pair 
330L, each of which can be independently controlled by a 
power Supply device (not shown). 

In general, the direction of the time-dependent magnetic 
field can be adjusted to maximize the heating of the magnetic 
material in the bonding pads 600 (See FIG. 1). For example, 
if the magnetic material in the bonding pads 600 has length 
wise edges along one direction as in the example illustrated in 
FIG.5C, the magnetic field B can be aligned along the length 
wise edges of the magnetic material to increase eddy currents 
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within the magnetic material and to provide more heating. 
Further, if an easy axis of magnetization of the magnetic 
material is aligned along one direction within the magnetic 
material in the bonding pads 600, the magnetic field can be 
applied along the direction of the easy axis of magnetization 
to provide a larger hysteresis loop and greater heat generation 
during the bonding. 

Referring to FIG. 11, a third exemplary structure is illus 
trated during reactive bonding of Substrates according to an 
embodiment of the present disclosure. The configuration of 
FIG. 10 illustrates a geometry in which the magnetic field B 
includes a spatially varying region. The electromagnets can 
include an upper electromagnet 340A and a lower electro 
magnet 340 that are configured to move in synchronization 
with each other at least in horizontal directions. The upper 
electromagnet 340A and the lower electromagnet 340B can 
be controlled by a power supply device (not shown). 

After the array of solder balls 50 is brought into contact 
with the array of bonding pads 600, the assembly including 
the first substrate 100 and the second substrate 200 can be 
moved relative to the apparatus (340A, 340B) that generates 
the time-dependent magnetic field. A region of maximum 
magnitude of the time-dependent magnetic field can sequen 
tially overlap with different bonding pads 600 among the 
array of bonding pads 600, thereby igniting different bonding 
pads 600 at different times. 

In one embodiment, the operational frequency of the time 
dependent magnetic field can be changed during the igniting 
of the set of reactive materials. Further, different bonding 
pads 600 can be ignited employing different operational fre 
quencies for the time-dependent magnetic field. 

In one embodiment, the methods of the present disclosure 
can be utilized to enable use of high temperature solder mate 
rials, which have better electromigration performance and 
thermal migration performance relative to low temperature 
solder materials. Further, the methods of the present disclo 
Sure can be utilized to reduce overall chip-package stress, 
thereby improving reliability. Yet further, the methods of the 
present disclosure can be utilized to provide a flux-less bond 
ing procedure, which also improves underfill reliability via 
increased adhesion and decreased voiding. Still further, the 
methods of the present disclosure enables Soldering of a semi 
conductor chip to a packaging Substrate by a local heating 
mechanism, which does not heat the entire packaging Sub 
strate, and thereby reduces or avoids the warping of the pack 
aging Substrate. In addition, the ignition of the set of reactive 
materials is enabled without contacting the semiconductor 
chip, the packaging substrate, the solder balls 50, or the 
bonding pads 600 with any electrode. 

While the disclosure has been described in terms of spe 
cific embodiments, it is evident in view of the foregoing 
description that numerous alternatives, modifications and 
variations will be apparent to those skilled in the art. Each of 
the embodiments described herein can be implemented indi 
vidually or in combination with any other embodiment unless 
expressly stated otherwise or clearly incompatible. Accord 
ingly, the disclosure is intended to encompass all Such alter 
natives, modifications and variations which fall within the 
Scope and spirit of the disclosure and the following claims. 
What is claimed is: 
1. A method of bonding Substrates comprising: 
providing a first substrate bonded to an array of solder 

balls; 
providing a second Substrate having an array of bonding 

pads thereupon, wherein each of said bonding pads com 
prises at least one unit of a reactive-material-including 
stack that includes a layer of a first non-magnetic mate 
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rial, a layer of a second non-magnetic material and a 
magnetic material-including layer comprising a mag 
netic material and one of said first non-magnetic mate 
rial and said second non-magnetic material, wherein 
upon ignition, said first non-magnetic material and said 
Second non-magnetic material react spontaneously to 
form an alloy or a composite of said first non-magnetic 
material and said second non-magnetic material; 

bringing said array of solder balls into contact with said 
array of bonding pads; and 

igniting said at least one unit of said reactive-material 
including stack by heating said magnetic material 
through a time-dependent magnetic field, wherein said 
array of solder balls is bonded to said array of bonding 
pads through heat generated by a spontaneous reaction 
of said first non-magnetic material and said second non 
magnetic material. 

2. The method of claim 1, wherein said providing of said 
Second substrate having said array of bonding pads thereupon 
comprises: 

forming material layers including one or more repetitions 
of said layer of said first non-magnetic material, said 
layer of said second non-magnetic material and said 
layer of said magnetic material-including layer on said 
second substrate; and 

patterning said material layers to form said array of bond 
ing pads. 

3. The method of claim 1, wherein said magnetic material 
including layer comprises a structure including magnetic par 
ticles embedded in said one of said first non-magnetic mate 
rial and said second non-magnetic material. 

4. The method of claim 3, wherein said embedded mag 
netic particles are formed by implanting said magnetic par 
ticles into an upper portion of said layer of said second non 
magnetic material. 

5. The method of claim 3, wherein said embedded mag 
netic particles are formed by: 

deposing discontinuous chunks of said magnetic particles 
on said layer of said second non-magnetic material; and 

forming another layer of said first non-magnetic material 
of another unit of said reactive-material-including stack 
on said magnetic particles and said layer of said second 
non-magnetic material. 

6. The method of claim 3, wherein said embedded mag 
netic particles is an array of magnetic particles. 
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7. The method of claim 6, wherein said array of magnetic 

particles is formed by: 
depositing a contiguous layer of said magnetic material on 

said layer of said second non-magnetic material; and 
patterning said contiguous layer of said magnetic material 

to provide said array of said magnetic particles. 
8. The method of claim 7, further comprising depositing 

another layer of said first non-magnetic material of another 
unit of said reactive-material-including stack on said array of 
said magnetic particles. 

9. The method of claim 6, wherein said array of said mag 
netic particles have lengthwise edges along a direction of said 
time-dependent magnetic field. 

10. The method of claim 1, wherein said time-dependent 
magnetic field has a substantially uniform peak magnitude 
across an entirety of said array of bonding pads when turned 
O. 

11. The method of claim 1, wherein said time-dependent 
magnetic field has a spatially varying magnitude across at 
least a portion of said array of bonding pads when turned on. 

12. The method of claim 11, further comprising moving an 
assembly of said first substrate and said second substrate after 
said bringing of said array of solder balls into contact with 
said array of bonding pads relative to an apparatus that gen 
erates said time-dependent magnetic field, wherein a region 
of maximum magnitude of said time-dependent magnetic 
field sequentially overlaps with different bonding pads 
among said array of bonding pads. 

13. The method of claim 12, wherein said time-dependent 
magnetic field has a spatially varying magnitude, and said 
method further comprises igniting different bonding pads 
employing different operational frequencies for said time 
dependent magnetic field. 

14. The method of claim 1, further comprising changing an 
operational frequency of said time-dependent magnetic field 
during said igniting of said set of reactive materials. 

15. The method of claim 1, wherein said first non-magnetic 
material comprises Al or Ti. 

16. The method of claim 1, wherein said second non 
magnetic material comprises Ti, amorphous Si, Pt or CuO 
wherein X is equal to 0.5,0.75 or 1.0. 

17. The method of claim 1, wherein said magnetic material 
comprises Fe, Co, Ni or a magnetic rare-earth material. 


